The copper matrix composites were prepared by spark plasma sintering (SPS). The current-carrying friction and wear tests were carried out on a self-made HST-100 high-speed current-carrying friction and wear tester, and the effect of the graphite content on the current-carrying friction and wear properties of the composite material was studied. The results show that with an increase in graphite content, the average friction coefficient and wear rate of the two materials decreased significantly, the fluctuation amplitude of the friction coefficient was also significantly reduced, and the average friction coefficient of copper-coated graphite composite with graphite content of 10 wt.% was 0.100; when the graphite content was the same and more than 5.0 wt.%, the average friction coefficient and wear rate of copper-graphite composites were slightly higher than copper-copper-coated graphite composites; the current-carrying efficiency and current-carrying stability of the copper matrix composite were obviously higher than that of copper material; there was a mechanical wear area and arc erosion area on the wear surface of the composites, with the increase in graphite content, the adherence and the tear of the mechanical wear area weakened, the rolling, plastic deformation increased, and the surface roughness decreased obviously. The surface roughness of the wear surface of copper-copper-coated graphite composites with graphite content of 10 wt.% was 3.17 µm. The forms of arc erosion included melting and splashing, and were mainly distributed in the friction exit area.
Introduction
The current-carrying friction pair is a friction pair with a conduction current function [1] , and its contact surface requires both a current conduction capability and friction and wear performance. Current-carrying friction is a process of coupling the frictional contact of a rough surface with conductive contact, accompanied by arc discharge and other phenomena [2, 3] . The service behavior of different current-carrying friction materials is different, and the macroscopic performance is different [4, 5] . With developments in science and technology, the service conditions of the current-carrying friction pair continue to expand, for example, the relative sliding speed continues to increase.
Copper matrix composites are commonly used as current-carrying friction materials, and the copper matrix of the three-dimensional network structure satisfies the requirements of electrical conductivity, enhances the phase lubrication, and improves the friction and wear performance [6] [7] [8] [9] .
Since the gas oxide generated after oxidation does not affect the subsequent conduction, and can prevent the oxidation of copper [10] , sp2 hybrid carbon materials, such as graphite [11] , carbon fiber [12] , or carbon nanotube [13] are common reinforcing phases. The common preparation method for copper-carbon composite materials is powder metallurgy, which includes the processes of hot-pressing sintering [14] and spark plasma sintering (SPS) [15] .
There are many previous studies on copper-carbon (sp2 hybrid) composites. Ma W. et al. [16] studied the friction and wear properties of copper-graphite composites with 2024 aluminum alloy, AZ91D magnesium alloy, and Ti6Al4V titanium alloy, the results show that the copper-graphite composite is a good self-lubricating material, and the sliding speed affects the friction interface, which affects the friction and wear mechanism. Pietrzak et al. [17] studied the effects of carbon morphology on the material organization and thermal properties of copper-carbon composites and the lubricating behavior and conductivity of the graphite films at low speed. The studies of Gao Qiang et al. [18] show that the conductivity of the copper-graphite composite prepared by pressing-sintering has the best carbon content. The results of Ge Yuexin and other studies [19] show that the copper-graphite composites prepared by the SPS process at 780 • C have the best current-carrying friction properties. The studies of He Dahai and Fan Yi et al [20, 21] show that natural flake graphite can form a complete and stable lubricating graphite film on the friction surface of the copper matrix composite, which is beneficial for preventing the friction material from sticking to the dual and improving the friction stability. According to Feng Yi et al. [22] , a reasonable addition of the WS2 to the copper-graphite composite can significantly improve the wear resistance of the material without increasing the power loss. The studies of Xu Wei et al [23] show that the friction coefficient and wear rate of the Cu-graphite composites decrease with an increase in graphite content, and increases with an increase in the current density, and the main wear mechanism is arc erosion and adhesive wear. Previous studies have shown that the content of graphite has an important influence on the properties of the material and the friction and wear behavior. However, most of these studies focused on the condition of low speed (relative sliding velocity is less than 1 m/s), and with the expansion of the service conditions of the current-carrying friction pair, it is necessary to explore their service performance at high speed.
Therefore, in this study, pure copper, copper-graphite composites, and copper-copper-coated graphite composites were prepared by spark plasma sintering (SPS) using pure copper powder, natural graphite powder, and copper-coated graphite powder as raw materials, the effects of carbon content on current-carrying friction and wear properties of copper-based materials under high-speed sliding conditions were studied.
Experimental Materials and Methods

Material Preparation
The copper-based materials were prepared by SPS with pin samples for testing. The raw materials were electrolytic pure copper powder with a purity of more than 99%, copper-coated graphite powder, and natural graphite powder. The particle size of the powder was 75 µm, and the graphite content in copper-coated graphite powder was 50 wt.%. The preparation process of the material was as follows. Powder was mixed on a V-type mixer for 18 h and SPS process under vacuum condition. The sintering pressure was 30 MPa, the sintering temperature was 780 • C, the heating rate was 100 • C/s, and the holding time was 5 min. after sintering, the sintered material was cooled with the furnace, and the sintered material was cut into φ10 mm pin samples by wire cutting. Copper-graphite composites and copper-coated graphite composites with graphite content of 0, 2.5 wt.%, 5 wt.%, 7.5 wt.%, 10 wt.%, and 12.5 wt.% were prepared. However, due to the poor properties of 12.5 wt.% copper matrix materials, they did not participate in the subsequent test.
Performance Testing
The friction and wear tests were carried out on the self-made HST-100 high-speed friction testing machine (see Figure 1 ). The friction pair was a pin-disc type, the current flowed out of one pin sample, through the disc sample, and back from the other pin sample, and the two pin samples were the same material. The sample material was QCr0.5, the positive pressure 70 N, current 100 A, relative sliding speed 20 m/s, test time 30 s. Before the test, the sample was polished with 800# sandpaper and pre-ground on the testing machine without electricity for 10 min with a speed of 5m/s, each experiment was repeated three times, and the results were averaged.
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Results and Analysis
Microstructure and Properties of Composites
In the current-carrying friction and wear test, the friction and wear properties were evaluated by friction coefficient and mass wear rate. Current-carrying performance was evaluated by current-carrying efficiency and current-carrying stability. The current-carrying efficiency represented the ability of the friction pair to transmit the current during the service process, which was the ratio of the average value of the actual current to the given current in the service process. The current-carrying stability represented the fluctuation of conduction current during the service of friction pair. The calculation formula is as follows:
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Effect of Carbon Content on the Friction Coefficient and Wear Rate of Copper-Based Materials
Effect of Graphite Content on Current-carrying Efficiency and Current-carrying Stability of Materials
Current-Carrying Friction Behavior of Composites
Discussions
The contact of current-carrying friction is actually the contact of the rough surface, and friction and wear (mainly including adhesion, tear, plough, rolling, plastic deformation), contact conduction current, arc discharge, oxidation, and other processed appeared in the process of current-carrying friction.
For the contact and friction and wear process of rough surfaces, the contact pressure and surface composition are key factors from the point of view of a single micro-convex peak. It is closely related to the number and stability of contact micro-convex peaks from the point of view of the whole friction 
For the contact and friction and wear process of rough surfaces, the contact pressure and surface composition are key factors from the point of view of a single micro-convex peak. It is closely related to the number and stability of contact micro-convex peaks from the point of view of the whole friction surface. The results show that the smaller the roughness of the friction surface is, the more micro-convex peaks are involved in contact, and the smaller the positive pressure on a single micro-convex peak is when the total pressure is unchanged, the smaller the area of adhesion is and the smaller the tear trace is, and the smaller the deterioration in surface quality caused by the tear and the adhesion at the early stage. At the subsequent friction process, the smaller the impact, the smaller the vibration, the more stable the running of the friction pair (The fluctuation of friction coefficient in Figure 4 illustrates this), the adhesion of the material, and the smaller the tear trace is. With an increase in graphite content, the more graphite may be distributed on the friction surface, the more it can prevent the occurrence of adhesion, and it can be transformed into the compaction of hard point on soft matrix and the process of plastic deformation. Therefore, with the increase in graphite content, the surface roughness decreases, the adhesion and the tear trace decreases, and the degree of plastic deformation caused by rolling surface becomes greater. However, too much graphite can cause the strength of the composites to be too low (so the test of 12.5 wt.% graphite content was not completed.).
For the conductive contact process, the material and size of the spot are the key factors from the point of view of a single contact conductive spot (α spot), and the dynamic change process of the quantity and quality of the spot in the friction process is the key factor from the point of view of the whole contact surface (the contact resistance of the contact surface decreases as the number of α spots increases, and the number of α spots exceeds a certain value, and tends to be stable). Therefore, the current-carrying efficiency and current-carrying stability of friction pairs are mainly related to the quality and quantity of spots and their variation with time. When the friction pair fluctuates greatly during the operation of the friction pair (Cu material in Figure 4 ), the quality and quantity of the α spots change dramatically with time, and the current-carrying efficiency and current-carrying stability of the friction pair are poor; when the friction pair is relatively stable (Cu matrix composites in Figure 4 ), although the quality and quantity of α spots change, the current-carrying efficiency and current-carrying stability of the friction pair tend to be stable.
The arc discharge process occurs in the process of contact formation and failure of the friction pair, and the stability of friction pair operation is an important influencing factor. With the increase in graphite content, the friction pair runs more and more smoothly (the variance of the friction coefficient in Figure 4 ), which can suppress the harm caused by electric arc discharge. However, due to the randomness and dynamics of the arc discharge, this effect is not obvious in terms of the arc ablation area.
During the friction process of the composite, the oxide of copper is retained on the worn surface, and the oxide of carbon is the gas. The oxygen content on the surface of the composite is measured, which directly reflects the oxidation of copper on the surface. The carbon element is more alive than the copper element, therefore, the existence of carbon element on the wear surface of copper-graphite composite suppresses the oxidation of copper.
To sum up, in the mechanical wear area, graphite falls off on the surface, smeared on the wear surface through interlaminar deformation, and a reasonable thickness of graphite film on the friction surface is the key to obtain good performance materials. Combining the results of the EDS analysis in Figure 8 and the friction and wear properties of the composites, the authors believe that when the graphite content exceeds 5 wt.%, the friction surface forms a continuous graphite film, and when the graphite content reaches 10 wt.%, the effect of graphite film is the best.
Conclusions
The copper matrix composites were prepared by the spark plasma sintering process, matched with QCr0.5. The current-carrying friction test was carried out on the self-made HST-100 high-speed friction tester to study the effect of graphite content on the current-carrying friction properties of copper-based materials. The results show that:
(1) The interface bonding of copper matrix composites was close and there was no obvious gap. The hardness and conductivity of the copper matrix composites decreased with the increase in graphite content;
(2) With the increase in graphite content, the average friction coefficient and wear rate of the two materials decreased significantly, the fluctuation amplitude of the friction coefficient also significantly reduced, and the average friction coefficient of the copper-copper-coated graphite composite with a graphite content of 10wt.% was 0.100. When the graphite content was the same and more than 5.0 wt.%, the average friction coefficient and wear rate of copper-graphite composites were slightly higher than those of copper-coated graphite composites. The current-carrying efficiency and current-carrying stability of the copper matrix composite were obviously higher than that of the copper material, which reached 84% and 80% respectively;
(3) There was mechanical wear area and arc erosion area on the wear surface of the composites. The machinery wear formed included adhesion, tearing, furrow, roller compaction, and plastic deformation. With the increase in graphite content, adhesion, tear weakening, rolling, and plastic deformation increased; with the increase in graphite content, the roughness of the mechanical wear surface decreased obviously. The surface roughness of the copper-copper-coated graphite composite surface was smaller than that of the copper-graphite surface. When the graphite content reached 10 wt.%, it reached the minimum, which was 3.17 µm. The forms of arc erosion mainly included melting and splashing, mainly distributed in the friction exit area, and spatter traces included spherical and strip-shaped. 
